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Abstract — Ceramics  are  known  to  be  mechanically  hard,  chemically  inert  and  electrically  insulating  for  many  important  applications.  However,  they 
usually  suffer  from  brittleness  and  have  moderate  strength  that  strongly  depends  on  their  microscopic  structure.  In  this  study,  we  report  a  size 
induced  brittle-to-ductile  transition  in  single-crystal  aluminum  nitride  (AIN).  When  the  specimen  diameters  are  smaller  than  ~3-4  pm,  AIN  micro¬ 
pillars  show  metal-like  plastic  flow  under  room-temperature  uniaxial  compression.  The  unprecedented  plastic  strain  of  ~5-10%  together  with  the 
ultrahigh  strength  of  ~6.7  GPa  has  never  been  achieved  before.  Transmission  electron  microscopy  demonstrates  that  dislocations  play  a  dominant 
role  in  the  plasticity  of  the  micro-sized  AIN. 

©2015  Acta  Materialia  Inc.  Published  by  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Covalently  bonded  ceramics  exhibit  many  distinctive 
physical  and  mechanical  properties,  compared  to  metallic 
and  polymeric  materials,  but  the  propensity  toward  brittle 
fracture  has  limited  their  applications  especially  in  forming 
and  load  bearing  operations  [1-6].  As  exceptions,  only  a 
handful  of  ceramics  show  room-temperature  plasticity  via 
anomalous  deformation  processes,  such  as  martensitic 
transformation  1,2],  kink  bands  [3]  and  grain  boundary 
sliding  [4,7],  or  subjected  to  extreme  loading  conditions, 
such  as  shock  [6,8],  high  pressure  [9-11]  and  strain  confine¬ 
ment  [11-13].  Nevertheless,  large  dislocation  plasticity  is 
rarely  seen  in  high  strength  ceramics  during  room- temper¬ 
ature  uniaxial  deformation  [14]. 

Aluminum  nitride  (AIN)  is  a  high-performance  cova¬ 
lently  bonded  ceramic  material  and  possesses  high  hardness 
and  strength  with  relatively  low  specific  density.  It  has  a 
stable  wurtzite-type  structure  with  a  smaller  cja$  ratio  of 
~1.60  than  the  formal  hexagonal  close-packed  lattice 
(1.633)  [11].  AIN  has  been  widely  used  in  electronics  and 
as  a  structural  ceramic  material.  In  the  past  decades,  partic¬ 
ular  attention  has  been  paid  to  its  mechanical  stability.  Wil¬ 
kins  et  al.  first  pointed  out  the  importance  of  inelastic 
deformation  in  the  impact  performance  of  AIN  [15]. 
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Moreover,  it  has  been  reported  that  hydrostatic  confine¬ 
ment  facilitates  dislocation  plasticity  of  AIN  [11,13].  How¬ 
ever,  the  room  temperature  plasticity  cannot  be  retained  in 
confinement-free  AIN,  which  always  fails  in  a  brittle  man¬ 
ner  without  any  plastic  strain  under  quasi-static  uniaxial 
deformation  [11,15-18]. 

Since  the  advent  and  development  of  microsystems  and 
nanotechnology,  the  understanding  of  micro-scale  defor¬ 
mation  and  failure  mechanisms  of  advanced  materials  has 
been  gaining  importance.  It  was  recently  observed  that 
the  deformation  mechanisms  of  metallic  alloys  have  shown 
a  consistent  difference  in  strength  and  plasticity  between 
micro-sized  and  bulk  specimens  [19-21].  These  findings 
strongly  suggest  that  specimen  size  may  influence  the  acti¬ 
vation  and  motion  of  dislocations,  and  hence  the  mechan¬ 
ical  response  of  ductile  metals.  Compared  to  metallic 
materials,  the  mechanical  response  of  ceramics  is  expected 
to  be  strongly  size-dependent  because  of  their  rigid  ionic 
and  covalent  bonding  which  is  highly  sensitive  to  defects 
and  flaws.  However,  for  strong  and  relatively  brittle  ceram¬ 
ics,  the  size  dependence  of  their  strength  and  ductility  has 
not  been  well  explored  [4,22-24].  Recently,  the  size  induced 
plasticity  has  been  observed  in  covalent  and  ionic  crystals, 
such  as  sapphire  [25],  GaAs  [26],  SiC  [27]  and  MgO  [28], 
during  room-temperature  microcompression.  These  studies 
indicate  that  decreasing  sample  sizes  to  the  order  of 
micrometer  scale  can  suppress  cracking  and  leads  to  the 
change  in  the  deformation  behavior  from  brittle  to  ductile 
[29,30].  In  this  work,  we  report  the  deformation  behavior 
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of  single  crystal  AIN  micropillars  subjected  to  uniaxial 
compression  along  the  [000 1]  and  [1  OlO]  axes.  The  micro¬ 
compression  experiments  at  a  small  length  scale  reveal 
unprecedented  large  dislocation  plasticity  in  AIN  that  has 
been  conventionally  characterized  as  a  brittle  ceramic. 


2.  Experimental  details 

2.1.  Materials  and  micro  compression  testing 

AIN  single  crystals  used  in  this  study  were  commercially 
obtained  from  Fairfield  Crystal  Technology.  The  single 
crystals  appear  in  the  form  of  a  hexagonal  pillar  as  shown 
in  the  inset  of  Fig.  1.  Micropillars  for  compression  testing 
have  the  top  surfaces  parallel  to  the  basal  plane  (0001) 
and  side  plane  (1010),  respectively.  The  microcompression 
technique  developed  by  Uchic  et  al.  [20]  has  proven  itself  as 
a  reliable  way  to  explore  the  mechanical  behavior  of  micro¬ 
size  specimens.  Here  we  have  used  a  focus  ion  beam  (FIB) 
system  to  fabricate  columnar  micropillars  with  diameters 
ranging  from  ~2.5  to  20  pm  and  the  aspect  ratio  approxi¬ 
mately  2.5:1  for  diameters  below  10  pm  and  2:1  for  above 
10  pm  samples.  The  micropillars  located  in  the  center  of 
large  trenches  which  can  guarantee  that  a  flat  punch  is  in 
contact  only  with  the  pillars  during  compression  testing. 
The  uniaxial  compression  tests  were  carried  out  by  nanoin¬ 
dentation  device  (Shimadzu  W201S)  and  the  tests  were  per¬ 
formed  using  flat  punch  indenters  with  diameters  of  10  pm 
and  40  pm,  respectively.  All  the  single-crystal  micropillars 
were  compressed  to  a  preset  depth  of  10%  to  15%  of  the  ini¬ 
tial  heights  of  the  pillars  at  a  strain  rate  of  rsj  10“4  1/s.  The 
engineering  stress-strain  curves  were  calculated  based  on 
instantaneous  measurements  of  load-displacement  data 
and  the  specimen  dimensions  were  determined  precisely 
by  scanning  electron  microscopy  (SEM)  after  FIB  fabrica¬ 
tion.  All  the  tests  were  conducted  at  room  temperature.  The 
active  slip  systems  were  determined  on  the  basis  of  crystal¬ 
lographic  and  geometric  analyses  with  the  help  of  Schmid’s 
law. 

2.2.  Micro  structure  characterization 

The  single  crystal  nature  of  the  AIN  specimens  was  ver¬ 
ified  by  X-ray  diffraction  (XRD,  RINT  2200,  Rigaku  X-ray 
diffractometer)  and  Raman  Microscopy  (Renishaw,  U.K.). 
The  cross-sectional  TEM  specimens  of  compressed  micro¬ 
pillars  were  prepared  by  a  lift-out  FIB  technique  using  a 
dual-beam  FIB/SEM  system  (JEOL,  JIB-4600F).  The 
deformation  regions  of  micropillars  were  characterized  by 
TEM  (JEOL  JEM-21  OOF)  operated  at  200  kV. 


3.  Results 

3.1.  Orientation  determination  of  single- crystal  AIN 

The  single-crystal  nature  of  the  AIN  specimens  used  in 
this  study  was  determined  by  Raman  spectroscopy.  Raman 
spectra  taken  from  polished  basal  plane  (0001)  and  pris¬ 
matic  plane  (1010)  present  an  obvious  crystallographic  ori¬ 
entation  dependence  of  Raman  scattering  as  shown  in 
Fig.  1.  Along  the  direction  perpendicular  to  the  (0001) 
plane,  only  the  E2,  E2  and  A^LO)  phonons,  centered  at 
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Fig.  1.  Raman  spectroscopy  of  single-crystal  AIN.  Raman  spectra 
were  taken  from  the  basal  plane  (0001)  and  prismatic  plane  (1  OlO)  of 
single  crystal  AIN.  Inset  photograph  shows  an  as-received  AIN  single 
crystal. 


249.1,  656.4,  and  888.2  cm-1,  respectively,  are  observed  in 
the  backscattering  Raman  spectrum.  In  the  direction  per¬ 
pendicular  to  the  (1010)  plane,  the  TO  component  of 
Ai(TO)  at  611.3  cm-1  and  Ei(TO)  at  669.8  cm-1  are 
detected  while  the  Ai(LO)  becomes  inactive.  These  stress 
free  phonon  modes  of  (0001)  and  (1010)  planes  are  fully 
consistent  with  the  selection  rules  for  the  backscattering 
geometry  of  single-crystal  AIN  [31,32].  Separate  X-ray  dif¬ 
fraction  further  confirms  the  single-crystal  nature  and  crys¬ 
tallographic  orientations  of  the  samples  (data  not  shown 
here).  Both  diffraction  spectra  from  basal  and  prismatic 
planes  show  a  single-crystal  feature  and  the  diffraction 
peaks  are  fully  consistent  with  the  prediction  from  the  the¬ 
oretical  structure  model  of  wurtzite  AIN. 

3.2.  AIN  micropillar  compression  along  [0001]  direction 

A  representative  engineering  stress-strain  curve  of  a 
(0001)  micropillar  with  a  diameter  of  4  pm  is  shown  in 
Fig.  2a.  The  compressive  deformation  response  is  charac¬ 
terized  by  linear  elastic  behavior  up  to  ~6  GPa  where  mac¬ 
roscopic  yielding  initiates,  followed  by  ~7%  plastic  flow 
and  6.7  GPa  ultimate  strength  before  failure.  One  impor¬ 
tant  aspect  of  the  stress-strain  curve  is  the  work  hardening 
behavior,  which  is  frequently  observed  in  ductile  metals  but 
rarely  in  ceramics.  Since  work  hardening  usually  originates 
from  the  interaction  of  dislocations  from  different  slip  sys¬ 
tems,  it  indicates  that  multiple  slip  systems  are  activated  in 
the  (0001)  single  crystal.  Fig.  2b  and  c  shows  the  SEM 
images  of  the  (0001)  micropillar  before  and  after  uniaxial 
compression.  Corresponding  to  the  large  plastic  strain, 
the  SEM  micrograph  reveals  the  presence  of  multiple  shear¬ 
ing  traces  along  two  intersecting  slip  planes  on  the  pillar 
surface  (Fig.  2c).  These  observations  indicate  that  at  least 
two  independent  slip  systems  are  activated  during  the  plas¬ 
tic  deformation.  The  slip  planes  have  an  angle  of  ~55°  with 
respect  to  the  (0001)  plane  and  could  correspond  to  either 
{2112}  or  {1101}  planes.  The  slip  directions  for  each  of 
these  planes  are  <1 1 23>  (c  +  a  type).  Both  of  the  slip  sys¬ 
tems  have  been  frequently  observed  in  the  wurtzite  struc¬ 
ture  [33],  which  are  expected  to  provide  five  independent 
slip  modes  to  satisfy  von  Mises  criterion  for  continuous 
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Fig.  2.  Mechanical  behavior  of  single-crystal  (0001)  AIN  micropillars,  (a)  Engineering  stress-strain  curve  of  a  4  pm  single-crystal  AIN  micropillar 
compressed  along  the  [000  ljdirection.  (b)  SEM  image  of  the  as-fabricated  4  pm  diameter  micropillar,  (c)  The  morphology  of  the  plastically  deformed 
micropillar  with~7%  plastic  strain  and  ~6.7  GPa  ultimate  strength. 


plastic  deformation.  In  comparison  _  with  the 
{1  T 0 1  }<1 123>  slip  system,  the  <1 1 2 3>{2 T 12}  slip  sys¬ 
tem  is  readily  activated  due  to  its  large  Schmid  factor 
(~0.45)  and  the  largest  net  driving  force  when  loading 
along  <000 1>  direction  [34,35].  To  further  investigate 
the  micro-mechanisms  of  the  plastic  deformation,  a 
deformed  micropillar  was  sliced  into  a  thin  foil  along  the 
<000 1>  direction  using  a  FIB  system  for  transmission 
electron  microscopy  (TEM)  characterization  [36].  Fig.  4a 
and  b  show  the  cross-sectional  TEM  image  and  diffraction 
pattern  oriented  along  the  <000 1>  direction.  The  sliced 
TEM  specimen  is  only  one-sided  cross  section  of  the  basal 
plane  and  the  selection  of  sliced  plane  is  shown  with  dotted 
lines  in  Fig  3a.  Fig.  4c  and  d  show  the  bright-field  and 
weak-beam  TEM  images  of  the  deformed  pillar.  The  slip 
bands  consist  of  a  high  density  of  dislocations  that  are 
appropriately  parallel  to  each  other.  Consistent  with  the 
slip  traces  on  the  micro-pillar  surface,  only  one  major  slip 
system  can  be  imaged  from  this  orientation  while  the  two 
intersecting  dislocation  slip  systems  shown  in  Fig.  3a  can¬ 
not  be  seen  in  the  thin  TEM  foil.  On  the  basis  of  the 
selected  area  electron  diffraction,  the  slip  plane  can  be 
indexed  as  {2112}.  The  reflecting  vector  for  the  weak- 
beam  image  is  [0002]  and  hence  the  dislocations  have 
non-basal  vectors.  Thus,  the  Burges  vector  of  the  disloca¬ 
tions  should  be  1/3<1 123>,  which  is  consistent  with  the 
SEM  slip  trace  analysis  and  the  prediction  derived  from 
Schmid  factor  calculations  [35].  In  this  loading  configura¬ 
tion,  dislocation  slip  along  six  different  planes  is  equally 
favorable.  Therefore,  the  work  hardening  in  the  single-crys¬ 
tal  AIN  micro-pillars  is  essentially  identical  to  that  in  duc¬ 
tile  metals  and  originates  from  the  interaction  of 
dislocations  on  intersecting  slip  systems.  In  addition,  a 
number  of  dislocations  from  the  basal  slip  system  have  also 
been  observed,  which  may  be  aroused  from  the  small  mis¬ 
alignment  in  the  microcompression  testing.  Interestingly, 
the  dislocation  plasticity  of  the  single-crystal  AIN  strongly 
depends  on  specimen  sizes.  As  shown  in  Fig.  5a  and  b,  the 
large  plastic  strain  can  only  be  obtained  from  small  speci¬ 
mens  with  diameters  of  ~2.5  and  4  pm.  Further  increasing 
the  sample  diameter  to  ~5.8  pm  leads  to  the  dramatic  loss 
in  plasticity.  When  the  sample  diameters  are  larger  than 


10  pm,  the  samples  fail  in  a  brittle  manner  by  shattering 
without  any  plastic  strain  (Fig.  5c  and  d),  showing  the 
typical  mechanical  behavior  of  brittle  ceramics. 

3.3.  AIN  micropillar  compression  along  [lOlO]  direction 

The  dislocation  plasticity  can  also  be  achieved  from  the 
prismatic  deformation  of  (1 0 1 0)  micropillars.  Fig.  6a  illus¬ 
trates  an  engineering  stress-strain  curve  of  a  (1 0 1 0)  micro¬ 
pillar  with  the  diameter  of  ~3  pm.  After  initially  yielding  at 
~  1.5  GPa,  the  flow  strength  of  the  specimen  gradually 
increases  to  2.25  GPa  with  the  accumulated  plastic  strain 
up  to  ~10%.  The  significant  difference  in  the  ultimate 
strength  between  basal  and  prismatic  compression  of  AIN 
arises  mainly  from  the  variation  of  the  activated  dislocation 
slip  systems  [37,38].  Fig.  6b  and  c  depicts  the  SEM  images 
of  the  (1010)  micropillar  before  and  after  deformation. 
One  primary  slip  band  can  be  observed  on  the  surface  of 
the  deformed  pillar.  The  angle  between  this  slip  plane  and 
the  loading  direction  of  [1 0 1 0]  is  approximately  60°,  close 
to  the  (1100)  plane.  Bright-  and  dark-field  TEM  observa¬ 
tions  (Fig.  6d  and  e)  confirm  the  slip  plane  is  (1  TOO).  Since 
no  Burgers  vector  with  a  component  parallel  to  the  c  axis 
was  identified,  the  slip  system  can  be  deduced  to  be 
<11 20>(1 1 00),  corresponding  to  the  primary  slip  trace 
in  Fig.  6c.  The  plastic  deformation  along  the  prismatic 
direction  also  shows  the  specimen  size  dependence. 
Although  the  stress-strain  curves  do  not  present  obvious 
difference  in  plastic  strains  (Fig.  7a),  SEM  micrographs  of 
the  deformed  micropillars  demonstrate  that  the  small  spec¬ 
imens  with  a  diameter  of  ~2-5  pm  plastically  deform  by 
dislocations  along  the  <1 1 0  0>(  1 100)  slip  system,  whereas 
the  specimens  with  a  diameter  larger  than  10  pm  actually 
fail  by  top  surface  splitting  along  the  (0001)  basal  plane 
at  the  very  early  stage  of  deformation  (Fig.  7b  and  c).  Since 
the  (0  0  0 1 )  basal  plane  is  parallel  to  the  loading  direction  of 
[1010],  the  top  surface  cracked  pillars  can  continuously 
deform  but  give  rise  to  bumpy  stress-strain  curves.  This 
type  of  specimen  failure  has  been  observed  in  magnesium 
oxide  and  gallium  arsenide  micropillars  [24,30,39]  and  is 
also  a  common  failure  mode  in  unconfined  uniaxial 
compression  of  rocks. 
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Fig.  3.  Fabrication  procedure  of  a  cross-sectional  TEM  specimen  of  a  compressed  micropillar,  (a)  SEM  image  of  a  deformed  (0001)  micropillar.  The 
dash  line  indicates  the  orientation  of  the  TEM  foil,  which  is  vertical  to  the  selected  slipping  planes,  (b)  TEM  foil  fabricated  by  removing  the 
surrounding  matrix,  (c)  Transferring  the  wedge-sharp  specimen  to  a  copper  grid  by  a  FIB  micro-probe,  (d)  Side  view  of  the  sliced  specimen  after  a 
final  milling.  The  TEM  foil  is  welded  on  the  Cu  grid  using  tungsten  deposition. 


Fig.  4.  TEM  micrograph  of  a  deformed  (0001)  micropillar,  (a)  Low-magnification  cross-sectioned  TEM  image,  (b)  Corresponding  selected  area 
electron  diffraction  pattern  showing  the  orientation  of  the  TEM  specimen;  and  (c)  Bright-held  TEM  image  showing  the  dislocations  in  two  parallel 
slip  bands  in  the  deformed  micropillar.  The  micrograph  was  imaged  under  a  two-beam  condition  with  the  diffraction  vector  (g)  parallel  to  [0002].  (d) 
g/3g  weak  beam  TEM  image  showing  a  high  density  of  dislocations  in  slip  bands. 
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Fig.  5.  Size  dependence  of  mechanical  properties  of  (0001)  AIN  single  crystals,  (a)  Representative  engineering  stress-strain  curves  of  micropillars 
with  diameters  ranging  from  ~2.5  to  20  pm.  The  constant  loading  rate  is  13.2  mN/s  (strain  rate  ~10_4/s).  All  these  microsize  specimens  were 
deformed  to  a  preset  depth  of  10-15%  of  their  respective  height  and  fractured  micropillars  are  shown  by  cross  mark  (x).  (b)  The  measured  ultimate 
(failure)  strength  and  plasticity  vs.  the  diameters  of  micropillars,  (c)  Typically  SEM  image  of  an  as-fabricated  micropillar  with  a  diameter  of  18.5  pm; 
and  (d)  the  failed  specimen  in  a  brittle  manner  prior  to  plastic  yielding. 


Fig.  6.  Mechanical  behavior  of  a  (1010)  AIN  single  crystal,  (a)  Depicted  engineering  stress-strain  curve  of  a  single-crystal  AIN  micropillar 
compressed  along  [1 0 1 0]  prism  direction,  (b)  SEM  image  of  the  as-fabricated  micropillar  with  a  diameter  of  3  pm;  and  (c)  Plastically  deformed 
specimen  with  a  visible  slip  band,  (d)  Bright-held  TEM  image  of  the  deformed  micro-pillar  showing  a  high  density  of  dislocations  within  a  slid  band, 
(e)  Weak-beam  TEM  micrograph  of  dislocations  in  the  g/3g  imaging  condition. 
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4.  Discussion 

Fig.  8a  shows  the  comparison  of  the  maximum  plastic 
strain  and  ultimate  strength  of  AIN  with  other  high- 
strength  single  crystals  and  amorphous  alloys  tested  by 
micro-compression  with  pillar  diameters  ranging  from 
~500  nm  to  5  pm  [22,25,27-29,40-44].  The  general  trend 
from  these  data,  regardless  of  deformation  mechanisms,  is 
that  the  higher  strength  of  materials  typically  accompany 
with  lower  plasticity.  Nevertheless,  different  from  other 
ultra-high  strength  materials,  the  single-crystal  AIN,  espe¬ 
cially  (0001)  single  crystals,  shows  an  extraordinary  combi¬ 
nation  of  high  strength  and  plasticity.  Fig  8b  summarizes 
the  sample  size  effect  on  normalized  strength  of  single  crys¬ 
tals  at  a  small  length  scale  [22,25,27-29,40-42],  in  which  the 
shear  strength  (t)  is  normalized  by  the  shear  modulus  (G) 
and  fitted  by  a  power  law  equation  of  sample  diameters  (d): 

(1) 

As  shown  in  the  plots,  normalized  shear  strength 
remains  to  be  one  of  the  highest  among  strong  and  brittle 
materials  and  has  smaller  scaling  factor  (n)  in  comparison 
with  the  less  hard  bee  and  fee  single-crystal  metals.  The 
scaling  factors  ( n )  of  AIN  (0001)  and  AIN  ( 1 0  T  0)  are 
0.035  and  0.08,  respectively,  about  one  order  of  magnitude 
smaller  than  that  of  bee  (0.25)  and  fee  (0.6)  metals  [29,41]. 
The  small  exponent  n  indicates  that  the  strength  of  AIN  is 
less  sensitive  to  the  sample  sizes  although  there  is  significant 
size  dependence  in  plasticity  in  the  same  length  scale.  The 


decoupling  between  the  strength  and  plasticity  implies  that 
the  obvious  size  effect  in  plasticity  of  AIN,  but  not  strength, 
may  not  originate  from  the  flaw  controlled  Weibull  distri¬ 
bution  which  is  often  observed  in  brittle  materials. 

Dislocation  behavior  is  the  primary  micromechanism 
for  the  plastic  deformation  of  ductile  metals  while  the 
mechanical  performance  of  high-strength  ceramics  is  often 
dominated  by  brittle  fracture  at  room  temperature.  Recent 
microcompression  experiments  show  that  brittle  ceramics 
could  be  plastically  deformed  by  dislocations  at  small 
length  scale  [25,27,30].  For  AIN,  both  single-crystal  and 
polycrystalline  samples  at  a  macroscopic  length  scale 
always  fails  in  a  brittle  manner  at  room  temperature  prior 
to  plastic  yielding  although  hydrostatic  stress  state  intro¬ 
duced  by  mechanical  confinements  can  significantly  sup¬ 
press  the  brittle  failure  and  gives  rise  to  dislocation 
plasticity  [11-13].  Different  from  previous  observations,  in 
this  study  we  found  that  brittle  AIN  can  plastically  flow  like 
metals  with  considerable  dislocation  plasticity  when  speci¬ 
men  sizes  are  smaller  than  a  critical  value  of  ~4  pm,  pre¬ 
senting  a  remarkable  size-induced  brittle-to-ductile 
transition  in  this  high-strength  covalently-bonded  ceramic. 

In  general,  the  significant  size  dependence  of  strength 
and  plasticity  follows  the  Weibull  distribution,  i.e.,  larger 
specimens  behave  in  a  more  brittle  fashion  due  to  the  higher 
probability  of  having  a  critically  oriented  flaw  in  the  larger 
volume.  However,  the  abrupt  change  in  plasticity  around 
the  critical  sample  diameter,  together  with  insignificant 
strength  difference,  cannot  be  described  by  Weibull-like 
behavior  (Fig.  5b).  The  weak  dependence  of  the  normalized 


Fig.  7.  Mechanical  behavior  of  single-crystal  AIN  micropillars  compressed  along  a  [1010]  direction,  (a)  Representative  stress-strain  curves  of 
micropillars  with  diameters  ranging  from  3  to  ~16  pm  and  heights  of  5-30  pm.  The  compression  tests  were  conducted  at  a  constant  loading  rate  of 
13.2  mN/s  (strain  rate  ~10-4  1/s).  All  micropillars  were  deformed  to  a  preset  displacement  of  10-15%  of  their  respective  height.  The  curves  marked 
by  cross  (x)  indicates  the  specimen  failure  by  top  surface  splitting,  (b)  SEM  image  of  an  as-fabricated  14  pm  diameter  micropillar,  (c)  SEM  image  of 
the  tested  14  pm  diameter  micropillar.  Note  the  specimens  with  a  diameter  larger  than  10  pm  actually  fail  by  top  surface  splitting  along  the  (0001) 
basal  plane  at  very  early  stage  of  deformation. 
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It  has  been  suggested  that  the  stress  intensity  factor  of 
cracks  decreases  with  the  sample  size  of  high  strength  mate¬ 
rials.  Below  a  critical  sample  diameter,  the  stress  intensity 
factor  is  always  less  than  the  fracture  toughness  of  the 
materials  and,  therefore,  the  cracking  no  longer  occurred 
[26,29-30].  We  calculated  the  stress  intensity  factor  of 
AIN  at  a  small  sample  diameter  on  the  basis  of  the  model 
proposed  by  Howie  et  al.  23]  and  found  that  at  a  diameter 
smaller  than  4  pm  micropillars  do  not  initiate  a  crack 
because  the  fracture  toughness  (3.925  MP  am1/2)  is  larger 
than  the  stress  intensity  factor  (2.3  MP  amx/  )  that  is 
required  for  crack  nucleation. 

Regardless  of  the  underlying  micromechanistic  causes  of 
the  size-induced  brittle-to-ductile  transition  observed  in  the 
single-crystal  AIN,  the  finding  that  the  single  crystal  AIN 
micropillars  exhibit  an  extraordinary  combination  of  the 
ultrahigh  strength(~6.7  GPa)  with  high  plasticity  (5-10%) 
(Fig.  8),  in  comparison  with  the  reported  microcompressive 
properties  of  other  high-strength  materials  [22,25,27- 
29,40-44],  has  important  implications  for  developing 
high-performance  ceramic  materials  with  both  high 
strength  and  good  ductility.  The  new  strategy  of  manipulat¬ 
ing  the  structure  and  size  of  materials  conventionally  clas¬ 
sified  as  being  strong  but  brittle  into  strong  and  ductile 
could  have  important  applications  in  MEMS  and  other 
emerging  small-scale  nano-device  applications. 


5.  Conclusions 


Fig.  8.  Comparison  of  micropillars  plastic  strain  and  strength  of 
single-crystal  (0001)  and  ( 1 0 1 0)  AIN  with  other  high  strength 
materials,  (a)  Representative  strength  vs.  plastic  strain  before  fracture 
of  other  high  strength  single  crystals  and  amorphous  alloys  were 
measured  by  micropillars  with  diameters  between  ~500  nm  and  5  pm 
[22,25,27-29,40-44].  Different  from  other  ultra-high  strength  materials, 
AIN,  especially  (0001)  single  crystals,  has  both  extraordinary  strength 
and  plasticity,  (b)  Normalized  shear  strength  vs.  Sample  size  is  shown 
for  different  classes  of  single  crystals  [22,25,27-29,40-42].  A  scaling 
exponent  of  AIN  (0001)  and  (1  OlO)  is  approximately  0.035  and  0.08. 

strength  on  sample  diameter  suggests  that  the  critical  shear 
strength  required  to  activate  dislocations  does  not  change 
with  sample  size.  Therefore,  the  size  effect  in  plasticity 
may  originate  from  an  intrinsic  transition  in  material  defor¬ 
mation  behavior  and  the  competition  between  dislocation 
nucleation/motion  and  crack  formation/propagation.  Since 
the  sample  size  variation  from  4  to  10  pm  should  not  obvi¬ 
ously  change  the  critical  shear  stress  for  dislocation  activa¬ 
tion,  the  significant  size  effect  appears  to  be  dominated  by 
the  crack  formation  and  propagation.  In  fact,  the  critical 
specimen  size  observed  in  this  study  is  very  close  to  the  value 
(several  micrometers)  of  ceramic  transition  flaw  size 
a  =  \l/(KIC/(Jy)2,  which  is  determined  by  the  fracture  tough¬ 
ness  ( KIC ),  yield  strength  (oy)  and  flaw  geometry  constant 
(*A)  [45].  When  the  specimen  diameters  are  smaller  than 
the  transition  flaw  size,  the  small  specimens  cannot  provide 
sufficient  elastic  energy  for  rapid  crack  propagation  and 
specimen  failure  occurs  by  plastic  deformation.  Based  on 
the  KIC  value  (~3.925  MPa  m1/2)  of  AIN  and  the  yield 
strength  measured  by  this  study,  the  critical  sample  size 
for  the  brittle-to-ductile  transition  is  ~2-4  pm,  fairly  consis¬ 
tent  with  the  experimental  observation. 


In  this  work  we  systematical  studied  the  microcompres¬ 
sive  properties  of  single  crystal  AIN  at  room  temperature. 
It  was  found  that  there  is  a  size  induced  brittle-to-ductile 
transition  in  the  brittle  but  strong  material.  SEM  and 
TEM  characterizations  reveal  that  the  transition  is  associ¬ 
ated  with  the  activation  of  dislocation  plasticity.  The  main 
results  are  summarized  as  follows: 

(1)  The  engineering  stress-strain  curves  of  [0001]  AIN 
with  a  diameter  smaller  than  4  pm  shows  ultrahigh 
strength  of  ~6.7  GPa  with  unprecedented  plastic 
strain  over  ~7%,  while  the  samples  with  a  larger  size 
fail  in  a  brittle  manner  prior  to  plastic  yielding.  The 
postmortem  SEM  observations  of  plastically 
deformed  smaller  pillars  reveal  intersection  of  multi¬ 
ple  slip  bands,  indicating  that  at  least  two  indepen¬ 
dent  slip  systems  are  activated  in  the  plastic 
deformation. 

(2)  The  size  induced  brittle-to-ductile  transition  can  also 
be  observed  from  [1 0  T  0]  micropillars.  The  samples 
with  a  diameter  smaller  than  4  pm  show  a  large  plas¬ 
tic  strain  up  to  ~10%  while  the  ultimate  strength  is 
~2.25  GPa,  much  lower  than  that  of  the  [0001]  pil¬ 
lars.  Therefore,  the  strength  of  the  single-crystal  AIN 
is  mainly  determined  by  the  crystal  orientation 
whereas  the  plasticity  is  controlled  by  sample  sizes. 

(3)  Both  [0001]  and  [1  OlO]  pillars  with  sizes  larger  than 
the  critical  value  fail  by  cracking  (cleavage  for  [000 1] 
crystals  and  top  surface  splitting  for  [1 0 1 0]  samples) 
in  the  early  stage  of  compression  testing.  Thus,  the 
size  induced  brittle-to-ductile  transition  arises  from 
the  competition  between  the  dislocation  behavior 
and  crack  initiation/propagation. 
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(4)  Since  the  sample  size  variation  around  the  critical 
value  of  pm  should  not  obviously  change  the  crit¬ 
ical  shear  stress  for  dislocation  nucleation  and 
motion,  the  significant  sample  size  effect  observed 
in  this  study  appears  to  be  dominated  by  the  crack 
formation  and  propagation.,  which  is  supported  by 
the  consistence  between  the  critical  sample  size  for 
the  brittle-to-ductile  transition  and  the  value  of  cera¬ 
mic  transition  flaw  size. 

(5)  TEM  and  SEM  characterization  demonstrates  that 
the  large  plastic  strains  achieved  from  small  samples 
are  accomplished  by  dislocation  plasticity  and  the 
activated  dislocation  slip  systems  are  in  agreement 
with  the  calculations  of  Schmid  factors  based  on 
the  loading  conditions  and  crystal  geometry. 

(6)  The  brittle-to-ductile  transition  at  a  small  length 
scale  has  important  applications  in  manipulating 
the  structure  and  size  of  materials  conventionally 
classified  as  being  strong  but  brittle  into  strong  and 
ductile  for  MEMS  and  other  emerging  small-scale 
nano-device  applications. 
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